Introduction
Trifluoromethane ͑R-23͒ is being considered as an alternative for R-503 ͑an azeotropic mixture of chlorotrifluoromethane and trifluoromethane͒ and R-13 ͑chlorotrifluo-romethane͒ in low temperature cascade refrigeration systems and other low-temperature refrigeration applications. R-23 is chlorine free, thus it has a zero ozone depletion potential. It is also believed that R-23 has an estimated atmospheric lifetime of 280 years.
Prior to this work and that of Penoncello et al. ͑2000͒ , the most comprehensive study on the thermodynamic properties of R-23 was done by Hou and Martin ͑1959͒. Their work included an equation of state and correlations for the vapor pressure, saturated vapor density, saturated liquid density, and isobaric ideal gas heat capacity. The formulation used an equation of state later designated as the Martin-Hou equation of state and was based on experimental data measured by Hou and Martin ͑1959͒ and other researchers.
Since the work of Hou and Martin ͑1959͒, and especially since 1970, a substantial amount of experimental data has been published for R-23. In 1999, work was undertaken at the National Institute of Standards and Technology ͑Magee and Duarte-Garza, 2000͒ to measure the properties of R-23 with uncertainties lower than those of other data available in the literature for p --T, isochoric heat capacity, and saturation heat capacity. In addition, vapor pressures at very low temperatures were determined from the measured heat capacity. The high accuracy data of Magee and Duarte-Garza ͑2000͒ helped determine the uncertainties in other data sets. A selected set of these new data and other data sets form the basis for the thermodynamic property formulation presented in this paper. The equation presented here supersedes the interim equation for R-23 published by Penoncello et al. ͑2000͒ that used preliminary uncorrected data measured by Magee and Duarte-Garza.
The available experimental data for R-23 are summarized in Table 1 . Figures 1 and 2 show the distribution of the p --T data on pressure-temperature and temperaturedensity coordinates. Figure 3 shows the available data for heat capacity and speed of sound.
Fixed Point Properties for R-23
Critical point values available from the literature are reported in Table 2 . In this work, the critical temperature and density, which are used as reducing values in the fundamental equation, were obtained by fitting the data of Ohgaki et al. ͑1990͒ to a standard power-law equation for the critical region, c
where T is the saturation temperature and is the saturation density for the liquid or the vapor. These values are in agreement with, and within the experimental uncertainty of, the critical parameters reported for R-23 found in Table 2 . Magee and Duarte-Garza ͑2000͒ recently measured the triple point temperature of R-23. The reported value is 118.02 K, which has been adopted for this work. The triple point pressure was computed as 0.058 kPa using the fundamental equation.
Ancillary Functions for R-23
All thermodynamic properties including saturation properties can be computed from the fundamental equation. However, in the iterative solution of the fundamental equation, it is helpful to have equations that may be used to estimate saturation properties with reasonable accuracy. In most cases, ancillary equations for the saturation properties are developed from experimental data. However, in the case of R-23, the uncertainties in the experimental data were too large to enable fitting accurate equations, especially at lower pressures ͑below 1 atm͒. Therefore, values calculated using the Maxwell Equal Area Principle ͑equal Gibbs energies and saturation pressures͒ applied to the fundamental equation were used to develop the ancillary functions. For vapor pressures, the low temperature data of Magee and Duarte-Garza ͑2000͒ were also included.
The resulting ancillary equation for the vapor pressure is
Ϫ3.1991 3.9 ͔. ͑3͒
The equations for the saturated liquid (Ј) and vapor (Љ) density are Ј c ϭ1ϩ2.2636 0.37 ϩ0.47007 0.94 ϩ0.28660 3.1 ͑4͒ Ϫ65.637 8.0 ͔. ͑5͒
In these equations, ϭ1ϪT/T c . The values of the critical parameters are given in the previous section. Comparisons between values calculated using these equations and saturation properties from the equation of state are discussed and shown in a subsequent section.
The Fundamental Equation for R-23
The fundamental equation used in this work is explicit in dimensionless Helmholtz energy. The functional form of this equation is given by
where a is the Helmholtz energy, ␦ϭ/ c , ϭT c /T, and R is the molar gas constant, 8.314 472 J/͑mol•K͒ ͑Mohr and Taylor, 1999͒. The reducing parameters, T c ϭ299.293 K and c ϭ7.52 mol/dm 3 , are identical to those used in the ancillary equations. The ideal gas part of the equation is given by 
where ␦ 0 is the reduced ideal gas density at p 0 ϭ1 kPa and ϭ178.818 38 J/(mol•K). These reference values of enthalpy and entropy were determined so that the saturated liquid enthalpy is 200 kJ/kg and the saturated liquid entropy is 1.0 kJ/(kg•K) at 0°C. The ideal gas isobaric heat capacity is given by
where u i ϭ i /T. 
where the coefficients a i and b i are given in Table 4 . The residual part of the dimensionless Helmholtz energy is given by
͑10͒
The coefficients and exponents for this equation are summarized in Table 5 . A nonlinear regression algorithm was used to determine the coefficients and functional form ͑exponents of ␦ and ͒ of the residual dimensionless Helmholtz energy equation. Following the technique outlined in Lemmon and Jacobsen ͑2000͒, the final equation containing 17 terms was determined. The nonlinear technique simultaneously adjusted the coefficients and exponents i k , j k , and l k of Eq. ͑10͒, and the coefficients of the c p 0 function, Eq. ͑8͒. Several data forms were represented simultaneously in this process, in-cluding selected pressure-volume-temperature, heat capacity (c v and c p ), saturated heat capacity (c ), speed of sound, and vapor pressure data.
Property Calculations from the Equation of State
One of the advantages of the fundamental equation explicit in Helmholtz energy is that all common thermodynamic properties are determined by differentiation. For example, the pressure derived from this form is
The equations required to calculate the derivatives needed for pressure, enthalpy, heat capacities, etc., can be found in Penoncello et al. ͑2000͒ or Lemmon and Jacobsen ͑2000͒.
Relations for several of the most frequently calculated properties are given below: 
The derivatives of the reduced Helmholtz energy used in these relations are given in Lemmon and Jacobsen ͑2000͒.
Accuracy Assessment of the Equation of State for R-23
The accuracy of the fundamental equation is discussed here by comparing property values calculated with the equation of state to experimental data and by statistically analyzing the results of these comparisons. The statistics are based on the percent deviation in any property X defined as
͑17͒
Using this definition, the percent average absolute deviation ͑AAD͒ is defined as
where n is the number of data points.
The results of the statistical comparisons are given in Table 1 . Experimental data in the critical region between 298 and 303 K at densities from 4 to 11 mol/dm 3 are not included in the first set of comparisons with p --T data, but are included in the second set as deviations in pressure rather than density.
The The data available for the vapor pressure of R-23 between 210 K and the critical point are not sufficiently reliable to be used in assessing the accuracy of the equation of state. However, as shown in Fig. 4 for temperatures below 210 K, there is good agreement with the data of Magee and Duarte-Garza ͑2000͒, Popwicz et al. ͑1982͒ ͑at temperatures above 170 K͒, and Hou and Martin ͑1959͒ ͑also at temperatures above 170 K͒. The AAD with respect to the data sets of Magee and Duarte-Garza is 0.027%, as summarized in Table 1 . During the development of the equation of state, attempts to fit the data at temperatures above 210 K caused significant deviations from other reliable data types in the same and adjacent regions of the thermodynamic surface. In the opinion of the authors, these inconsistencies with other reliable data demonstrate the higher uncertainties in the vapor pressure data from 210 K to the critical point. None of these higher temperature vapor pressure data were used to determine the final coefficients for Eqs. ͑6͒ and ͑10͒. Figure 4 shows larger scatter for the experimental saturated liquid and vapor densities, while the values calculated from the ancillary equations are in good agreement with the fundamental equation. None of the experimental saturation data were used in any of the fitting performed here. Figure 5 shows the percent deviation between density values computed from the fundamental equation and the experimental p --T data. There is significant scatter among the various p --T data sets available for R-23. At low temperatures, the data of Rubio et al. ͑1989͒ differ from the data of Magee and Duarte-Garza ͑2000͒ by more than 4%. At 170 K, this difference is less than 1%. However, in these same ranges, the data of Geller et al. ͑1979͒ agree within 0.2% with the data of Magee and Duarte-Garza ͑2000͒. At higher temperatures, the agreement between these latter two data sets is 0.4%, but the data of Rubio et al. and of Magee and Duarte-Garza ͑2000͒ are quite consistent. For example, at 280 K, differences are generally less than 0.05%. In the comparisons in Fig. 5, much since the amount of data and their higher uncertainties make it difficult to see the data of Magee and Duarte-Garza ͑2000͒. The data of Magee and Duarte-Garza ͑2000͒, which demonstrate the highest accuracy, are represented by the fundamental equation with an AAD of 0.016%.
Critical region deviations expressed as percent deviations in pressure between values computed from the equation of state and experimental p --T data are shown in Fig. 6 . Comparisons of the data sets in this figure also show considerable scatter. However, the calculated values exhibit good agreement with the reliable data of Magee and Duarte-Garza ͑2000͒, as previously explained. At densities less than 10 mol/dm 3 near the critical temperature, it is difficult to discern which data sets are the most accurate. Differences between the data of Ohgaki et al. ͑1990͒ and Yokoyama and Takahashi ͑1997͒ are about 0.3% in pressure, except very near the critical point, where the data differ by more than 1%. Figure 7 shows the percent deviation in isobaric heat capacity, isochoric heat capacity, saturation heat capacity, and speed of sound between values computed from the equation of state and from the experimental data. For the vapor phase, the deviations between calculated isobaric heat capacities with data values between 250 and 380 K are also quite large, with many data points differing by more than 5%. However, the equation agrees well with the data of Gruzdev and Shumskaya ͑1975͒, with an AAD of 0.34%. As shown in Fig. 7 , the equation is in good agreement with the vapor phase speed of sound data of Scott ͑2002͒ and Jarvis et al. ͑1996͒, with an AAD for each set of 0.079% and 0.21%. We conclude that the data of Gruzdev and Shumskaya are consistent with these speed of sound data and with calculated values from the fundamental equation. Comparisons in the liquid phase show deviations of less than 1% with the isobaric heat capacity data along the saturated liquid line of Valentine et al. ͑1962͒, and average deviations of 0.4% with the liquid phase isochoric heat capacity data of Magee and Duarte-Garza ͑2000͒. Comparisons with the saturation heat capacity data (c ) of Magee and Duarte-Garza ͑2000͒ are also within about 0.5%, which are lower than the reported uncertainty of the experimental data.
To ensure proper behavior of the fundamental equation, diagrams of the isochoric heat capacity, isobaric heat capac- ity, and speed of sound were made to validate the shapes of isobars over the full thermodynamic surface. The contours showed typical behavior of high accuracy fundamental equations. In addition, isotherms were drawn on a pressuredensity diagram to ensure proper extrapolation behavior to high temperatures and pressures.
Conclusions
A fundamental equation for R-23 has been developed that is valid for temperatures from the triple point ͑118.02 K͒ to 475 K, pressures up to 120 MPa, and densities up to 24.31 mol/dm 3 . The available data for p --T, isochoric heat capacity, saturation heat capacity, speed of sound, and vapor pressure were used simultaneously in a nonlinear regression to fit the equation. Based on the statistical and graphical analyses presented in the previous section, the fundamental equation has an estimated uncertainty of 0.1% in density, 0.5% in heat capacity, and 0.5% in speed of sound. Pressure calculations in the critical region have an estimated uncertainty of 0.2%.
An analytical equation of state cannot properly represent the nonanalytic behavior of thermodynamic properties in the critical region. Therefore, the fundamental equation reported here will not give the theoretically expected behavior for the speed of sound and heat capacities in the critical region. For R-23, the critical region is considered to be within the region bounded by 284ϽTϽ314 K and 5.62ϽϽ9.38 mol/dm 3 .
The saturation values computed from the equation of state ͑using the Maxwell equal area principle͒ have an estimated uncertainty of 0.2% in vapor pressure and saturated liquid density. The saturated vapor density uncertainty is greater than that of the saturated liquid, but is estimated to be less than 1%. To be thermodynamically consistent, saturation values should be computed from the equation of state using the Maxwell equal area principle. Values of saturation densities computed by simultaneous solution of the vapor pressure equation, Eq. ͑3͒, and the equation of state agree to within Ϯ0.1% of those calculated directly from the equation of state.
Thermodynamic properties computed using the formulation presented here are shown in the Appendix as property tables ͑saturation and single phase͒ and thermodynamic diagrams. Figure 8 is a pressure-enthalpy ( P -h) diagram and Fig. 9 is a temperature-entropy (T -s) diagram for R-23. 
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Appendix: Tables of Thermodynamic Properties of R-23
Thermodynamic properties of R-23 at saturation ͑at even values of temperature͒ 
